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Inhibitor of DNA binding 2Hepatic circadian transcription, considered to be driven by the liver clock, is largely inﬂuenced by
food even uncoupling it from the suprachiasmatic nucleus (SCN). In SCN lesioned rats (SCNx) we
determined the inﬂuence of a physiological feeding schedule on the entrainment of clock and
clock-controlled (CCG) genes in the liver. We show that clock genes and the CCG Rev-erba and per-
oxisome proliferator-activated receptor alpha (PPARa) in food-scheduled intact and SCNx have a
robust diurnal differential expression persisting after a 24 h fast. However, hepatic nicotinamide
phosphoribosyl transferase (Nampt) shows time dependent changes that are lost in intact animals
under fasting; moreover, it is unresponsive to the nutrient status in SCNx, indicating a poor reliance
on liver clock genes and highlighting the relevance of SCN-derived signals for its metabolic status-
related expression.
 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction including the liver, heart, lung and skeletal muscle [3–4], and areIn mammals, the suprachiasmatic nucleus (SCN) synchronizes
behavior and physiology to prepare for rest and activity associated
with the light–dark cycle. The molecular machinery in charge
resides in the so called ‘‘clock genes’’, whose protein products form
intertwined feedback loops inducing mRNA and protein levels to
oscillate with a near 24-hr period. At the core of this circadian
oscillator in mammals are the Period (Per) and Cryptochrome (Cry)
genes, whose transcription is favored by the heterodimer CLOCK
(or NPAS2): BMAL and negatively controlled by their own protein
products, PER and CRY. Other important loops interacting with
the core mechanism include the Ror, Rev-erb and peroxisome pro-
liferator-activated receptor alpha (PPARa) genes, thought to give
feedback and stabilize the core loop, but also to serve as major out-
put regulators [1–2]. Clock genes also oscillate in peripheral tissuesproposed to drive oscillating functions within the cell. For example,
nearly 90% of circadian transcripts in the liver lose their rhythm or
are attenuated when the hepatocyte clocks are functionally inacti-
vated [5]. Moreover, it is known that also animals with SCN lesions
lose the coordinated circadian rhythmicity of peripheral gene
expression [6], leading to a hierarchical picture in which the SCN
synchronizes via behavioral, humoral and/or autonomic pathways
the peripheral clock genes, while these in turn sustain circadian
physiology of each organ.
This view has been complemented by a number of studies
directing attention to the importance of food for the rhythmicity
of these peripheral clocks, particularly those of the liver. When
the feeding schedule is inverted, i.e., when animals are fed only
during their resting period, the phase of the core clock genes in
the liver follows food intake, even though the SCN does not change
its activity pattern [7]. Mainly in vitro studies have demonstrated
reciprocal connections between clock genes and many metabolic
genes and proteins, including nuclear receptors and components
of the redox system of the cell (reviewed in [8]). These observa-
tions suggest that these interrelated loops could underlie the role
of food as a main synchronizer for the liver, using the local clock
genes to organize the rhythmicity of the metabolic proﬁle.
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rest period indeed inverts the phase of Per1, Clock and Bmal1 in the
liver; however, surprisingly, the rhythmicity of some of the
metabolic genes connected to the clock, namely that of PPARa
and nicotinamide phosphoribosyl transferase (Nampt), was lost
[9]. These observations led us to hypothesize that some of the
clock–metabolic interrelationships may not be adequate to drive
the hepatic circadian motor under certain in vivo conditions.
In order to investigate the contribution of food for the rhythm of
metabolic genes without the involvement of the SCN, we examined
whether 24 h cycles of feeding-fasting in SCN-lesioned animals are
able to induce a rhythmic expression of clock genes and related
metabolic genes in the liver, and whether this expression persists
in fasting conditions.
2. Materials and methods
2.1. Animals
Adult male Wistar rats (250–300 g) were housed individually in
acrylic cages, under a 12:12 h light–dark cycle (lights on at 8:00
a.m.), with free access to water and constant conditions of humid-
ity and temperature. Experiments were approved by the Ethics
Committee of the Universidad Nacional Autónoma de México, in
strict accordance with the Federal Regulations for Animal Care
and Use (NOM-062-ZOO-1999).
2.2. Suprachiasmatic nucleus lesion
See Supplementary Materials and methods.
2.3. Temperature recordings
See Supplementary Materials and methods.
2.4. Restricted feeding
After verifying their arrhythmicity in locomotor activity, twenty
ﬁve SCN-lesioned rats (SCNx) were randomly assigned to one of
two groups: Ad libitum fed (SCNx-AL; n = 6) with free access to
standard chow food (Harlan Teklad); or Restricted Fed (SCNx-RF;
n = 19), with food provided exclusively during 12 h/day either dur-
ing the light or during the dark phase (see the Section 3) for
3 weeks. Given that SCNx animals do not show any rhythmic
behavior, we assumed the major timing cue to be the presence/
absence of food. Therefore we named T0 (time zero) the moment
at which food was delivered, and 12 h later T12 the moment when
it was withdrawn.
The intact rats were exposed to the same feeding schedule with
access to food only during the 12-h of the dark phase for 3 weeks
(Intact-RF; n = 25). The nomenclature for food was the same as
for the SCN-lesioned rats.
2.5. Tissue collection
At the end of the third week of the restricted feeding protocol,
intact rats were randomly assigned and sacriﬁced at 6-h intervals,
beginning at time ‘T0’, i.e., immediately before food was given
(n = 3 per temporal point, except for T0 with n = 4). Half of the
Intact-RF group received the 12 h food as usual while the other half
did not receive it on the day of sacriﬁce in order to investigate per-
sistence under fasting conditions. The SCNx-RF rats were also sac-
riﬁced at T0 (n = 6), T12 (n = 5) and T18 (n = 2), having received
food on the day of sacriﬁce, and at T12 (n = 6) under fasting. The
SCNx rats that were fed ad libitum since the beginning of the exper-iment (SCNx-AL) were sacriﬁced either in their fed state (n = 3) or
after being fasted for 24 h (n = 3) for control purposes (Table S3).
Rats were euthanized with an overdose of sodium pentobarbital
(65 mg/ml) and part of the left lobule of the liver was quickly
removed, frozen on dry-ice, and stored at 80 C. The brain was
removed, placed in 4% paraformaldehyde, and processed for histo-
logical veriﬁcation of the lesion.
2.6. RNA isolation and semi-quantitative RT-PCR
See Supplementary Materials and methods.
2.7. Statistical analysis
Data are expressed as means ± S.D. The gene expression tempo-
ral proﬁles were analyzed by one-way ANOVA; comparisons
between the intact and the SCNx groups were done by two-way
ANOVA with post hoc Holm–Sidak analysis. Differences between
only two groups were analyzed by an unpaired two-tailed Student
t-test. Results were considered statistically signiﬁcant with
P < 0.05.3. Results
3.1. Temperature ﬂuctuations are induced by physiological feeding/
fasting cycles in SCNx animals
Body temperature is dramatically affected by daytime food
schedule in intact rodents [7] and is considered one of the means
by which restricting feeding may inﬂuence peripheral clocks [10].
Our recordings revealed that core body temperature oscillations
with peak to trough differences of more than one centigrade were
induced by the 12-h feeding scheduled in otherwise arrhythmic
SCNx animals, resembling the proﬁle seen in the pair-fed intact
animals (Fig. 1). Feeding-time related increment in temperature
seems to be anticipatory rather than reactive, as it begins to rise
nearly 2 h before food delivery. A concomitant daily low-amplitude
oscillation in locomotor activity was also induced in the food-
scheduled SCNx rats, although this activity did not anticipate the
coming food as clearly as the temperature (Fig. S2).
Just as for temperature, the overall analysis of gene expression
was also similar in the SCNx animals fed either during the light or
the dark phase; thus they are grouped together in the gene analysis
for simpliﬁcation purposes.
3.2. Clock genes in the liver of food-scheduled SCNx animals respond to
food and show persistence
In the intact-RF animals, the diurnal expression of Bmal1, Npas2,
Per1, Per2 and Cry1 was conﬁrmed both in the fed as well as in the
fasting state. Signiﬁcant temporal changes in these genes were also
present in SCNx-RF rats sacriﬁced in the fed-state (Fig. 2). Impor-
tantly, also in the SCNx animals these differences were conserved
under fasting conditions, at least for Bmal1, Npas2, Per1, and Per2,
demonstrating that this similar-to-physiological feeding schedule
in the absence of the master clock was able to induce a rhythm
in the peripheral molecular clock. A lack of time-effect difference
in the expression of Cry1 in the SCNx-RF fasted animals could be
due to limited sampling, which did not enable us to construct a
complete proﬁle (statistical results summarized in Table S2).
3.3. SCN-independent expression of Rev-erba and PPARa in the liver
Rev-erba and PPARa are considered important links between
the circadian and metabolic systems. Both are clock output genes
Fig. 1. Daily core body temperature ﬂuctuations are induced by a physiological feeding schedule in SCN-lesioned rats. Daily temperature averages (±SD) per week are
presented in each box for representative individual (A) intact, food restricted, (B) SCNx, with food restricted to either the dark (top) or light (bottom) phase. Feeding periods
are indicated by the shaded areas in each box and photoperiod is represented by the white/black bars in each panel. Number 0 represents the ad libitum baseline period, and
1, 2 and 3 the subsequent 12 h/day food-scheduled weeks. The abscissa indicates the time at which food was delivered (T0) and when it was withdrawn (T12).
3106 E. Sabath et al. / FEBS Letters 588 (2014) 3104–3110and provide feedback by regulating the expression of Bmal1;
additionally, Rev-erba could also block the action of transcriptional
activators on Npas2 [11]. Our results show that Rev-erba expres-
sion was strongly rhythmic and preserved the same proﬁle under
fasting conditions both in intact and SCNx animals (Fig. 3).
Likewise, PPARa exhibited signiﬁcant diurnal ﬂuctuations in
both the intact and SCNx groups sacriﬁced under fed condition.
However, although under fasting the differences over time were
maintained, the expression pattern was moderately changed, prob-
ably indicating a competition between fasting-derived homeo-
static signals and the liver clock (F(4,23) = 2.937; P = 0.043 for
interaction between time and sacriﬁce condition by two-way
ANOVA in the intact; P < 0.05 by t-test for Fed-Fasted difference
at T12 in SCNx).
3.4. Only together with the SCN can the metabolic state inﬂuence
hepatic Nampt expression
Nampt has been reported to be a direct target of the molecular
clock via the E-boxes present on its promoter [12–13], while the
encoded protein also gives feedback, mainly through its product
of biosynthesis, the nicotinamide adenine dinucleotide (NAD). In
our experiment, the expression of genes from the positive limb
as well as some output genes was robust and persistent under fast-
ing conditions; thus we expected Nampt to have the same behav-
ior. However, the signiﬁcant differences in Nampt expression in
the intact-RF fed animals were not sustained under fasting condi-
tions (P = 0.0018 versus P = 0.1879, respectively. Fig. 3). Moreover
SCNx-RF animals exhibited small but not signiﬁcant variations in
the fed condition and a signiﬁcant difference only when food-
deprived (P = 0.0324). An analysis of the data with respect to timeunder fasting (Fig. 4) revealed that indeed Nampt signiﬁcantly
increased after 12 and 24 h of fasting but intriguingly, these differ-
ences are absent in the SCNx-RF animals.
To determine whether the lack of response in our lesioned ani-
mals reﬂects a loss of sensitivity and/or responsiveness to signals
related to the feeding status, we measured Sirt1 expression, which
is known to be induced during fasting in the liver [14]. Our results
revealed that while Sirt1 gradually increased in the Intact-RF,
reaching more than twofold its basal levels at 24 h of fasting, in
SCNx-RF animals it remained at almost constant levels (Fig. 4),
indicating a fundamental role of the SCN either for the sensing
and/or manifestation of the metabolic state in the liver.
3.5. Signals from the SCN, other than food intake, are necessary for
rhythmic Id2 expression
An analysis of cycling transcripts in the liver [15] revealed a
group of genes whose expression is aligned to the circadian phase
of the small protein Inhibitor of DNA-binding 2 (Id2). We analyzed
Id2 expression in our intact-RF animals, and observed that it exhib-
ited a diurnal expression in the fed state which persisted robustly
under fasting (Fig. 5). Conversely, the SCNx-RF showed a severe
dampening of these temporal differences, reaching signiﬁcance
only under fasting. It is tempting to speculate that Id2 is part of a
group of cycling genes importantly potentiated by outputs of the
SCN independent of food intake.
4. Discussion
Our results show that a similar to physiological feeding sche-
dule is sufﬁcient to induce a seemingly complete functional clock
Fig. 2. Rhythmic clock gene expression persists under fasting conditions in the liver of food-scheduled intact and SCN-lesioned rats. Mean ± SD normalized expression of
Bmal1, Npas2, Per1, Per2 and Cry1 in the liver of intact-RF (black circles with continuous line) and SCNx-RF rats (red squares). Feeding schedule is represented by the shaded
areas. The abscissa indicates the time of day referred to food presentation (in hours), where 0 is the moment when food was delivered. Gene expression was evaluated either
in rats which received their food on the day of sacriﬁce (Fed) or which were fasted that day (Fasted). In the fasted group, 0 indicates the normal time point where animals
were fasted for 12 hours; consequently at 24 they were fasted for 36 h. Each group was analyzed by one-way ANOVA for the effect of time followed by post hoc Holm–Sidak
test, except for the SCNx-fasted groups that were analyzed by Student’s t-test. Statistically signiﬁcant differences within each group are indicated by the asterisks at the upper
left of each graph; black for the intact group and red for the SCNx. ⁄P < 0.05, ⁄⁄P < 0.01 and ⁄⁄⁄P < 0.001. Differences between the intact and the SCNx groups were analyzed by
two-way ANOVA, with ⁄P < 0.05 and &P < 0.01 at the speciﬁc time point. For clarity purposes, T0 values are re-plotted at T24 in the Fed graph.
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positive and negative components of the clock and their persis-
tence for at least a cycle under fasting conditions. Changes ofhepatic Bmal1 and Per2 induced by 12 h/day feeding in SCNx have
been reported [16–17]. In fact, it was shown that inverted feeding
cycles synchronize Bmal1 oscillations even more rapidly in the
Fig. 3. Clock-associated metabolic genes are differentially affected by the feeding status. Mean ± SD normalized expression of Rev-erba, PPARa and Nampt in the liver of
intact-RF (black symbols with continuous line) and SCNx-RF rats (red squares) See Fig. 2 for details. Time-effects of each group on the fed or fasted state were evaluated by
one-way ANOVA followed by post hoc Holm–Sidak test, except for the SCNx-fasted groups in which Student’s t-test was used; ⁄P < 0.05, ⁄⁄P < 0.01 and ⁄⁄⁄P < 0.001.
Fig. 4. The transcriptional response to the fasting state is altered in SCNx animals. Mean ± SD normalized expression of Nampt and Sirt1 in the liver of intact-RF (black) and
SCNx-RF rats (red bars) sacriﬁced after the indicated hours of fasting. ⁄P < 0.05 and ⁄⁄⁄P < 0.001 vs. time-0 by one-way ANOVA for each group. #P < 0.05 vs. T0 expression in the
intact-RF animals by two-way ANOVA for Sirt1 comparisons, with an interaction effect of P = 0.0219.
3108 E. Sabath et al. / FEBS Letters 588 (2014) 3104–3110hepatocytes of SCNx than in those of intact mice [16]. The impor-
tance of the feeding schedule for the synchronization of the clock
and clock-controlled genes (CCG) in the liver has also been demon-
strated in animals that became arrhythmic due to experimental
prolonged exposure to constant light [18]. The mechanisms
underlying the inﬂuence of feeding cycles on peripheral clocks
may include direct cues interacting with nutrient and redox sensi-
tive enzymes, hormones and/or transcription factors, but could
also comprise indirect ones such as temperature downstream
pathways, which are also known to have an impact on some
components of the clock [8,10]. Since we observed that a 12-hfeeding schedule induced daily ﬂuctuations of apparently anticipa-
tory nature in locomotor activity and core body temperature in
SCNx animals, this could be one of the pathways transmitting time
to the liver clock.
We analyzed the expression of some metabolic genes known to
be intertwined with the clock mechanism. Transactivation of the
Rev-erba and PPARa genes takes place via E-box regions located
in their promoters, and they are circadian in the liver of intact ani-
mals [19–21]. Here we demonstrate that in SCNx-RF rats the
expression of both genes exhibited robust diurnal ﬂuctuations
that persisted under fasting conditions; although PPARa showed
Fig. 5. Expression of the clock-output regulator Id2 is affected by the SCN lesion. Mean ± SD normalized expression of Id2 in the liver of intact-RF (black circles with
continuous line) and SCNx-RF rats (red squares). The abscissa indicates the time of day referred to food presentation. See Fig. 2 for details. ⁄P < 0.05 and ⁄⁄⁄P < 0.001 by one-
way ANOVA for the effect of time followed by post hoc Holm–Sidak test, except for the SCNx-fasted groups that were analyzed by Student’s t-test. Differences between the
intact and the SCNx groups were analyzed by two-way ANOVA, with & indicating P < 0.01 at the speciﬁc time point.
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gration of the clockwork with the homeostatic information associ-
ated with the food deprivation state. This is clearly possible,
considering that its expression is inﬂuenced by glucocorticoids
[22] and the autonomic nervous system [23,24]. It is important
to note that the relative expression of PPARa and Rev-erba in
SCNx-RF animals was remarkably coincident with that in the intact
animals at the sampled time points, suggesting independence
from other SCN related pathways, at least under the conditions
tested.
Providing food to intact rats only during their rest phase abol-
ishes the circadian rhythm of the CCG Nampt in the liver, uncou-
pling it from the local clock [9]; although other studies, in which
food was provided for only 6 h during the resting phase, showed
that Nampt expression still had a rhythm [25]. This apparent dis-
crepancy could be related to the time of the experimental protocol
(35 vs. 10 days), with the longer leading to more severe conse-
quences. Uncoupling of the rhythmic expression of Nampt and
clock genes has also been found in other models, e.g., in knockout
mice for the catalytic subunit alpha2 of the AMP protein kinase
(AMPK) the circadian proﬁle of Nampt in epididymal fat is lost
despite preserved cyclic expression of clock genes in that tissue
[26]. Our present results revealed that fasting abolishes Nampt
temporal ﬂuctuations in the liver of intact-RF rats, although robust
ﬂuctuations in clock genes persist. Moreover in SCNx-RF sacriﬁced
in fed condition, even though the expression of clock genes exhib-
ited time-dependent signiﬁcant changes, Nampt did not signiﬁ-
cantly change over time. The question remains as to what extent
Nampt expression is inﬂuenced by nutrient sensors such as
AMPK, PGC1a and/or the FoxO transcription factors under certain
conditions [27,28], overriding the direct clock inﬂuence. As the
homeostatic changes in Nampt impact a number of cellular pro-
cesses, mainly through the NAD+ dependent activity of enzymes
such as SIRT1 and the poly (ADP-ribose) polymerases (PARPs)
[29], it would be important to dissect the impact of the diverse
transcriptional contributors, considering context dependent
interactions.
The decreased response of Sirt1 to the metabolic changes (in
addition to a smoothed AMPKa2 pattern of expression, Fig. S3) in
our SCNx rats suggests the involvement of the SCN not only in cir-
cadian processes but also in sensing and organizing adequate
responses to the metabolic state. This is supported by studies in
which the metabolic effect of humoral factors is lost in animals
with SCN lesions [30] and by evidence that the SCN is sensitive
to the nutrient-related signals, being illustrated also by changes
in SCN activity after fasting and refeeding [31,32].Besides the cycling genes clustered around the canonical core
clock components, it has been identiﬁed a large cluster of circadian
transcripts in the liver having Id2 as a prototype [15]. Id2 could
have an important role as an output regulator of the clock due to
its ability to interact with DNA binding-driven transcriptional acti-
vation [33]. We conﬁrmed the oscillatory nature of Id2 transcript in
the liver of food-scheduled intact animals and observed that this
pattern persists under fasting conditions. Importantly, this differ-
ential expression is severely ﬂattened in SCNx-RF rats, suggesting
that Id2 transcription is markedly inﬂuenced by non-food related
signals from the SCN. For example Id2 transcription is induced by
stimulators of cyclic-AMP production, suggesting that it could be
the target of some hormones [34] as well as other transmitters
inﬂuencing adenylate cyclase activity.
In conclusion, our results show that both intact-RF and SCNx-RF
animals have a diurnal differential expression of the liver clock and
of some of the important metabolic genes interconnected with it,
e.g., Rev-erba and PPARa. These ﬂuctuations persist under fasting
conditions, indicating the functionality of the local clockwork and
the strength of these interrelationships. The fact that the transcrip-
tion of Nampt in the intact-RF animals reﬂects more the nutrient
status than the persistent transcription by clock components,
together with the decreased responsiveness in SCNx rats, suggests
that the metabolic signals through yet to be determined SCN-
related pathways have an important role for their adequate expres-
sion in the liver. The pronounced rhythmicity of Id2 expression in
the intact animals and the diminishment of this pattern in SCNx
animals also indicate the importance of additional factors orga-
nized by the central clock which are indispensable for the robust
transcription of this gene in the periphery.
The fact that some genes completely follow the food schedule
whilst others are aligned to signals coming from the SCN could
be an important basis for the development of metabolic disorders
associated with the misalignment of food consumption with SCN
signals (reviewed in [35]).
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